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a) z= 1.773, m140 = 21.9
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b) z= 4.656, m140 = 21.9
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c) z = 2.083, m140 = 21.3
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d) z= 1.905, m140 = 21.5
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Figure 13. Some of the diversity of objects within the 3D-HST survey. The template fits from the modified EAZY fits to the spectra + photometry are shown
in the red and orange lines in panels a–d. Panel a) shows an object in the GOODS-North field with multiple line-emitting components. Two separate spectra
are shown extracted for the bright compact component (which itself has two close sub-components) and the fainter, more diffuse tail extending to the upper right
of the image thumbnail. Panel b) is a quasar in the COSMOS field at z = 4.656 with strong emission lines of Mg II and C II. Panels c) and d) show extremely
massive galaxies (1011.5 and 1011.2 M ) at z   2 with strong continuum breaks and no visible emission lines. The inset panels show the full 0.3–8µm SEDs
(photometry + spectra) and the template fit. The bottom panels e) and f) show the spectra of T- and L-type brown dwarf stars, found in the AEGIS and GOODS-N
fields, respectively. The two best-fitting spectral templates from Burgasser et al. (2010) are plotted on top of the spectra, with the spectral types indicated. We
emphasize that while the selection of objects shown have spectra with particularly high signal-to-noise, none of these objects are “serendipitous” detections: that
3D-HST provides high-quality near-IR spectra of a wide variety of classes of objects is the very essence of the survey.
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necessarily underestimates the importance of satellite quenching,
because central galaxies were less likely to be quenched at higher
redshift (Fig. 3 c). To highlight the impact of this assumption, the
dotted blue curve in Fig. 6 shows the resultant nsatQ as sat/nallQ, now if
one assumes (incorrectly) that central galaxy SFRs at z = 0 repre-
sent satellite initial conditions, that is, using nsatQ, inf = f cenQ, nownsat in
equation (8). This assumption underestimates the true importance
of satellite quenching by a factor of at least 50 per cent in our mass
range.
4.2.2 Efficiency of satellite quenching
We next examine the efficiency by which satellites are quenched,
as given by the fraction of satellites that were active at infall
(able to be quenched) that then quenched as satellites after infall,
nsatQ as sat/n
sat
A, inf . Fig. 7 (green region) shows this fraction as a function
of stellar mass, with the width again indicating the uncertainty in
satellite initial quiescent fractions. At low mass (Mstar < 1010 M⊙),
half of satellites that were active at the time of infall have been
quenched by now, while the other half still actively form stars. By
contrast, at high mass (Mstar > 1011 M⊙), essentially all initially
active satellites have been quenched. Thus, more massive satellites
are quenched more efficiently. Physically, this implies that more
massive satellites are quenched more rapidly, as we will show in
Section 4.3.1.
To elucidate the differing quenching efficiencies for satellite
versus central galaxies, the orange region in Fig. 7 shows what
fraction of active-at-infall satellites would have quenched had
they instead remained central galaxies. This fraction is given by(
f cenQ, now − f satQ, inf
)
/f cenA, now, with f satQ, now and f cenQ, now being the frac-
tions of satellite and central galaxies, respectively, that are quiescent
at z = 0, and f cenA, now = 1− f cenQ, now. Like satellites, central galaxies
also quench more efficiently at higher mass, though with a lower
overall efficiency. From Fig. 7, it might naively appear that the dif-
fering quenching efficiency for satellite versus central galaxies is
Figure 7. Satellite quenching efficiency versus stellar mass. The top, green
region shows the fraction of active-at-infall satellites that were quenched
as satellites after infall, nsatQ as sat/n
sat
A, inf . Region widths indicate uncertainty
in satellite initial quiescent fractions from Section 4.1.1. More massive
satellites are quenched more efficiently. For reference, the orange region
shows the fraction of active-at-infall satellites that would have quenched
had they instead remained central galaxies. The dotted curve shows the
satellite quiescent fraction excess, f satQ excess, given by equation (9).
stronger at lower mass, though one must interpret these fractions
carefully. In Paper II, we argued that a robust comparison is given
by the satellite quiescent fraction excess
f satQ excess =
f satQ, now − f cenQ, now
f cenA, now
, (9)
which represents the excess fraction of satellites that were quenched
after infall that would not have been quenched had they remained
central galaxies. As shown by the dotted curve in Fig. 7, f satQ excess
is independent of stellar mass. Furthermore, in Paper II we showed
that the stellar mass independence of f satQ excess persists across all host
halo masses and halocentric radii.
If the same physical mechanism(s) that quenches central galax-
ies also operates on satellites, then f satQ excess indicates how much
more of an effect the satellite-specific quenching mechanism(s)
has. In this scenario, the invariance of f satQ excess suggests that the
efficiency of the satellite quenching process(es) is independent of
stellar mass. However, the physical processes that are thought to
quench central galaxies – such as virial shock heating, mergers,
AGN – and their relative importance as a function of stellar mass
remain topics of active investigation. Thus, it is unclear if such cen-
tral galaxy quenching processes are important for satellites, and if
they are, whether they occur before or after the onset of any satellite-
specific processes. We will investigate the physical mechanisms of
satellite quenching in more detail in Paper V, and we note that
the results in this paper do not depend on the exact mechanism(s)
at play.
To summarize this empirically motivated subsection: (1) satellite
quenching dominates the production of quiescent satellites at all
masses we probe, and it dominates the production of all quiescent
galaxies at Mstar < 1010 M⊙, and (2) more massive satellites are
quenched more efficiently.
4.3 SFR evolution of satellites
We now use the satellite infall times from our simulation to extend
the results of the previous subsection and constrain satellite SFR
evolution and quenching time-scales. This subsection presents the
primary results of this paper.
The relative importance of various mechanisms for quenching
satellites – such as strangulation, ram-pressure stripping and ha-
rassment – and the details of how their effects propagate to influ-
encing satellite star formation remain topics of active investigation.
Nonetheless, for most plausible physical processes, the likelihood
that a satellite has been quenched increases with its time since infall.
Motivated by this idea, we proceed under the following ansatz:
if a satellite was active at the time of first infall, the parameter that
determines if it has been quenched is simply its time since first
infall, tsince inf, the time that it has spent as a satellite. As we will
show in Paper V, this simple ansatz yields satellite quiescent frac-
tions that have the correct dependences on both halocentric distance
and halo mass, as compared with our observational results in Paper
II, because both the satellite quiescent fraction and tsince inf increase
with decreasing halocentric distance. This agreement implies that
the scatter between quenching likelihood and tsince inf must be small,
because a scenario in which quenching likelihood and tsince inf have
large scatter would lead to satellite quiescent fraction radial gra-
dients that are too shallow (see Paper V for more).10 Thus, our
10 More rigorously, because we use a step-function threshold in tsince inf, se-
lecting the maximally oldest surviving satellites to quench, any scatter in
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necessarily underestimates the importance of satellite quenching,
because central galaxies were less likely to be quenched at higher
redshift (Fig. 3 c). To highlight the impact of this assumption, the
dotted blue curve in Fig. 6 shows the resultant nsatQ as sat/nallQ, now if
one assumes (incorrectly) that central galaxy SFRs at z = 0 repre-
sent satellite initial conditions, that is, using nsatQ, inf = f cenQ, nownsat in
equation (8). This assumption underestimates the true importance
of satellite quenching by a factor of at least 50 per cent in our mass
range.
4.2.2 Efficiency of satellite quenching
We next examine the efficiency by which satellites are quenched,
as given by the fraction of satellites that were active at infall
(able to be quenched) that then quenched as satellites after infall,
nsatQ as sat/n
sat
A, inf . Fig. 7 (green region) shows this fraction as a function
of stellar mass, with the width again indicating the uncertainty in
satellite initial quiescent fractions. At low mass (Mstar < 1010 M⊙),
half of satellites that were active at the time of infall have been
quenched by now, while the other half still actively form stars. By
contrast, at high mass (Mstar > 1011 M⊙), essentially all initially
active satellites have been quenched. Thus, more massive satellites
are quenched more efficiently. Physically, this implies that more
massive satellites are quenched more rapidly, as we will show in
Section 4.3.1.
To elucidate the differing quenching efficiencies for satellite
versus central galaxies, the orange region in Fig. 7 shows what
fraction of active-at-infall satellites would have quenched had
they instead remained central galaxies. This fraction is given by(
f cenQ, now − f satQ, inf
)
/f cenA, now, with f satQ, now and f cenQ, now being the frac-
tions of satellite and central galaxies, respectively, that are quiescent
at z = 0, and f cenA, now = 1− f cenQ, now. Like satellites, central galaxies
also quench more efficiently at higher mass, though with a lower
overall efficiency. From Fig. 7, it might naively appear that the dif-
fering quenching efficiency for satellite versus central galaxies is
Figure 7. Satellite quenching efficiency versus stellar mass. The top, green
region shows the fraction of active-at-infall satellites that were quenched
as satellites after infall, nsatQ as sat/n
sat
A, inf . Region widths indicate uncertainty
in satellite initial quiescent fractions from Section 4.1.1. More massive
satellites are quenched more efficiently. For reference, the orange region
shows the fraction of active-at-infall satellites that would have quenched
had they instead remained central galaxies. The dotted curve shows the
satellite quiescent fraction excess, f satQ excess, given by equation (9).
stronger at lower mass, though one must interpret these fractions
carefully. In Paper II, we argued that a robust comparison is given
by the satellite quiescent fraction excess
f satQ excess =
f satQ, now − f cenQ, now
f cenA, now
, (9)
which represents the excess fraction of satellites that were quenched
after infall that would not have been quenched had they remained
central galaxies. As shown by the dotted curve in Fig. 7, f satQ excess
is independent of stellar mass. Furthermore, in Paper II we showed
that the stellar mass independence of f satQ excess persists across all host
halo masses and halocentric radii.
If the same physical mechanism(s) that quenches central galax-
ies also operates on satellites, then f satQ excess indicates how much
more of an effect the satellite-specific quenching mechanism(s)
has. In this scenario, the invariance of f satQ excess suggests that the
efficiency of the satellite quenching process(es) is independent of
stellar mass. However, the physical processes that are thought to
quench central galaxies – such as virial shock heating, mergers,
AGN – and their relative importance as a function of stellar mass
remain topics of active investigation. Thus, it is unclear if such cen-
tral galaxy quenching processes are important for satellites, and if
they are, whether they occur before or after the onset of any satellite-
specific processes. We will investigate the physical mechanisms of
satellite quenching in more detail in Paper V, and we note that
the results in this paper do not depend on the exact mechanism(s)
at play.
To summarize this empirically motivated subsection: (1) satellite
quenching dominates the production of quiescent satellites at all
masses we probe, and it dominates the production of all quiescent
galaxies at Mstar < 1010 M⊙, and (2) more massive satellites are
quenched more efficiently.
4.3 SFR evolution of satellites
We now use the satellite infall times from our simulation to extend
the results of the previous subsection and constrain satellite SFR
evolution and quenching time-scales. This subsection presents the
primary results of this paper.
The relative importance of various mechanisms for quenching
satellites – such as strangulation, ram-pressure stripping and ha-
rassment – and the details of how their effects propagate to influ-
encing satellite star formation remain topics of active investigation.
Nonetheless, for most plausible physical processes, the likelihood
that a satellite has been quenched increases with its time since infall.
Motivated by this idea, we proceed under the following ansatz:
if a satellite was active at the time of first infall, the parameter that
determines if it has been quenched is simply its time since first
infall, tsince inf, the time that it has spent as a satellite. As we will
show in Paper V, this simple ansatz yields satellite quiescent frac-
tions that have the correct dependences on both halocentric distance
and halo mass, as compared with our observational results in Paper
II, because both the satellite quiescent fraction and tsince inf increase
with decreasing halocentric distance. This agreement implies that
the scatter between quenching likelihood and tsince inf must be small,
because a scenario in which quenching likelihood and tsince inf have
large scatter would lead to satellite quiescent fraction radial gra-
dients that are too shallow (see Paper V for more).10 Thus, our
10 More rigorously, because we use a step-function threshold in tsince inf, se-
lecting the maximally oldest surviving satellites to quench, any scatter in
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necessarily underestimates the importance of satellite quenching,
because central galaxies were less likely to be quenched at higher
redshift (Fig. 3 c). To highlight the impact of this assumption, the
dotted blue curve in Fig. 6 shows the resultant nsatQ as sat/nallQ, now if
one assumes (incorrectly) that central galaxy SFRs at z = 0 repre-
sent satellite initial conditions, that is, using nsatQ, inf = f cenQ, nownsat in
equation (8). This assumption underestimates the true importance
of satellite quenching by a factor of at least 50 per cent in our mass
range.
4.2.2 Efficiency of satellite quenching
We next examine the efficiency by which satellites are quenched,
as given by the fraction of satellites that were active at infall
(able to be quenched) that then quenched as satellites after infall,
nsatQ as sat/n
sat
A, inf . Fig. 7 (green region) shows this fraction as a function
of stellar mass, with the width again indicating the uncertainty in
satellite initial quiescent fractions. At low mass (Mstar < 1010 M⊙),
half of satellites that were active at the time of infall have been
quenched by now, while the other half still actively form stars. By
contrast, at high mass (Mstar > 1011 M⊙), essentially all initially
active satellites have been quenched. Thus, more massive satellites
are quenched more efficiently. Physically, this implies that more
massive satellites are quenched more rapidly, as we will show in
Section 4.3.1.
To elucidate the differing quenching efficiencies for satellite
versus central galaxies, the orange region in Fig. 7 shows what
fraction of active-at-infall satellites would have quenched had
they instead remained central galaxies. This fraction is given by(
f cenQ, now − f satQ, inf
)
/f cenA, now, with f satQ, now and f cenQ, now being the frac-
tions of satellite and central galaxies, respectively, that are quiescent
at z = 0, and f cenA, now = 1− f cenQ, now. Like satellites, central g laxies
also quench more efficiently at higher mass, though with a lower
overall efficiency. From Fig. 7, it might naively appear that the dif-
fering quenching efficiency for satellite versus central galaxies is
Figure 7. Satellite quenching efficiency versus stellar mass. The top, green
region shows the fraction of active-at-infall satellites that were quenched
as satellites after infall, nsatQ as sat/n
sat
A, inf . Region widths indicate uncertainty
in satellite initial quiescent fractions from Section 4.1.1. More massive
satellites are quenched more efficiently. For reference, the orange region
shows the fraction of active-at-infall satellites that would have quenched
had they instead remained central galaxies. The dotted curve shows the
satellite quiescent fraction excess, f satQ excess, given by equation (9).
stronger at lower mass, though one must interpret these fractions
carefully. In Paper II, we argued that a robust comparison is given
by the satellite quiescent fraction excess
f satQ excess =
f satQ, now − f cenQ, now
f cenA, now
, (9)
which represents the excess fraction of satellites that were quenched
after infall that would not have been quenched had they remained
central galaxies. As shown by the dotted curve in Fig. 7, f satQ excess
is independent of stellar mass. Furthermore, in Paper II we showed
that the stellar mass independence of f satQ excess persists across all host
halo masses and halocentric radii.
If the same physical mechanism(s) that quenches central galax-
ies also operates on satellites, then f satQ excess indicates how much
more of an effect the satellite-specific quenching mechanism(s)
has. In this scenario, the invariance of f satQ excess suggests that the
efficiency of the satellite quenching process(es) is independent of
stellar mass. However, the physical processes that are thought to
quench central galaxies – such as virial shock heating, mergers,
AGN – and their relative importance as a function of stellar mass
remain topics of active investigation. Thus, it is unclear if such cen-
tral galaxy quenching processes are important for satellites, and if
they are, whether they occur before or after the onset of any satellite-
specific processes. We will investigate the physical mechanisms of
satellite quenching in more detail in Paper V, and we note that
the results in this paper do not depend on the exact mechanism(s)
at play.
To summarize this empirically motivated subsection: (1) satellite
quenching dominates the production of quiescent satellites at all
masses we probe, and it dominates the production of all quiescent
galaxies at Mstar < 1010 M⊙, and (2) more massive satellites are
quenched more efficiently.
4.3 SFR evolution of satellites
We now use the satellite infall times from our simulation to extend
the results of the previous subsection and constrain satellite SFR
evolution and quenching time-scales. This subsection presents the
primary results of this paper.
The relative importance of various mechanisms for quenching
satellites – such as strangulation, ram-pressure stripping and ha-
rassment – and the details of how their effects propagate to influ-
encing satellite star formation remain topics of active investigation.
Nonetheless, for most plausible physical processes, the likelihood
that a satellite has been quenched increases with its time since infall.
Motivated by this idea, we proceed under the following ansatz:
if a satellite was active at the time of first infall, the parameter that
determines if it has been quenched is simply its time since first
infall, tsince inf, the time that it has spent as a satellite. As we will
show in Paper V, this simple ansatz yields satellite quiescent frac-
tions that have the correct dependences on both halocentric distance
and halo mass, as compared with our observational results in Paper
II, because both the satellite quiescent fraction and tsince inf increase
with decreasing halocentric distance. This agreement implies that
the scatter between quenching likelihood and tsince inf must be small,
because a scenario in which quenching likelihood and tsince inf have
large scatter would lead to satellite quiescent fraction radial gra-
dients that are too shallow (see Paper V for more).10 Thus, our
10 More rigorously, because we use a step-function threshold in tsince inf, se-
lecting the maximally oldest surviving satellites to quench, any scatter in
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necessarily underestimates the importance of satellite quenching,
because central galaxies were less likely to be quenched at higher
redshift (Fig. 3 c). To highlight the impact of this assumption, the
dotted blue curve in Fig. 6 shows the resultant nsatQ as sat/nallQ, now if
one assumes (incorrectly) that central galaxy SFRs at z = 0 repre-
sent satellite initial conditions, that is, using nsatQ, inf = f cenQ, nownsat in
equation (8). This assumption underestimates the true importance
of satellite quenching by a factor of at least 50 per cent in our mass
range.
4.2.2 Efficiency of satellite quenching
We next examine the efficiency by which satellites are quenched,
as given by the fraction of satellites that were active at infall
(able to be quenched) that then quenched as satellites after infall,
nsatQ as sat/n
sat
A, inf . Fig. 7 (green region) shows this fraction as a function
of stellar mass, with the width again indicating the uncertainty in
satellite initial quiescent fractions. At low mass (Mstar < 1010 M⊙),
half of satellites that were active at the time of infall have been
quenched by now, while the other half still actively form stars. By
contrast, at high mass (Mstar > 1011 M⊙), essentially all initially
active satellites have been quenched. Thus, more massive satellites
are quenched more efficiently. Physically, this implies that more
massive satellites are quenched more rapidly, as we will show in
Section 4.3.1.
To elucidate the differing quenching efficiencies for satellite
versus central galaxies, the orange region in Fig. 7 shows what
fraction of active-at-infall satellites would have quenched had
they instead remained central galaxies. This fraction is given by(
f cenQ, now − f satQ, inf
)
/f cenA, now, with f satQ, now and f cenQ, now being the frac-
tions of satellite and central galaxies, respectively, that are quiescent
at z = 0, and f cenA, now = 1− f cenQ, now. Like satellites, central galaxies
also quench more efficiently at higher mass, though with a lower
overall efficiency. From Fig. 7, it might naively appear that the dif-
fering quenching efficiency for satellite versus central galaxies is
Figure 7. Satellite quenching efficiency versus stellar mass. The top, green
region shows the fraction of active-at-infall satellites that were quenched
as satellites after infall, nsatQ as sat/n
sat
A, inf . Region widths indicate uncertainty
in satellite initial quiescent fractions from Section 4.1.1. More massive
satellites are quenched more efficiently. For reference, the orange region
shows the fraction of active-at-infall satellites that would have quenched
had they instead remained central galaxies. The dotted curve shows the
satellite quiescent fraction excess, f satQ excess, given by equation (9).
stronger at lower mass, though one must interpret these fractions
carefully. In Paper II, we argued that a robust comparison is given
by the sat llite quiesc nt raction excess
f satQ excess =
f satQ, now − f cenQ, now
f cenA, now
, (9)
which represents the excess fraction of satellites that were quenched
after infall that would not hav b e quenched had they remained
central galaxies. As shown by the dotted curve in Fig. 7, f satQ excess
is independent of stellar mass. Furthe more, in Paper II we showed
that the stellar mass independence of f satQ excess persists across all host
halo masses and halocentric radii.
If the same physical mechanism(s) that quenches central galax-
ies also operates on satellites, then f satQ excess indicates how much
more of an ffect he satellite-spe fic quenching mechanism(s)
has. In this scenario, the invariance of f satQ excess suggests that the
efficiency of the satellite quenching process(es) is independent of
stellar mass. However, the physical processes that are thought to
quench central galaxies – such as virial shock heating, mergers,
AGN – and their relative importance as a function of stellar mass
remain topics of active investigation. Thus, it is unclear if such cen-
tral galaxy quenching processes are important for satellites, and if
they are, whether they occur before or after the onset of any satellite-
specific processes. We will investigate the physical mechanisms of
satellite quenching in more detail in Paper V, and we note that
the results in this paper do not depend on the exact mechanism(s)
at play.
To summarize this empirically motivated subsection: (1) satellite
quenching dominates the production of quiescent satellites at all
masses we probe, and it dominates the production of all quiescent
galaxies at Mstar < 1010 M⊙, and (2) more massive satellites are
quenched more efficiently.
4.3 SFR evolution of satellites
We now use the satellite infall times from our simulation to extend
the results of the previous subsection and constrain satellite SFR
evolution and quenching time-scales. This subsection presents the
primary results of this paper.
The relative importance of various mechanisms for quenching
satellites – such as strangulation, ram-pressure stripping and ha-
rassment – and the details of how their effects propagate to influ-
encing satellite star formation remain topics of active investigation.
Nonetheless, for most plausible physical processes, the likelihood
that a satellite has been quenched increases with its time since infall.
Motivated by this idea, we proceed under the following ansatz:
if a satellite was active at the time of first infall, the parameter that
determines if it has been quenched is simply its time since first
infall, tsince inf, the time that it has spent as a satellite. As we will
show in Paper V, this simple ansatz yields satellite quiescent frac-
tions that have the correct dependences on both halocentric distance
and halo mass, as compared with our observational results in Paper
II, because both the satellite quiescent fraction and tsince inf increase
with decreasing halocentric distance. This agreement implies that
the scatter between quenching likelihood and tsince inf must be small,
because a scenario in which quenching likelihood and tsince inf have
large scatter would lead to satellite quiescent fraction radial gra-
dients that are too shallow (see Paper V for more).10 Thus, our
10 More rigorously, because we use a step-function threshold in tsince inf, se-
lecting the maximally oldest surviving satellites to quench, any scatter in
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they had remained a central galaxy. (In fact, the masses of satellite
versus central galaxies are closer than in Fig. 11, because some
central galaxies have quenched since the time that a satellite fell in,
but we do not attempt to fully model central galaxy SFR evolution
here.) While this mass ratio is unity for currently active satellites
(by definition), considering the entire satellite population, the me-
dian ratio remains consistent with unity (grey region). Considering
just currently quiescent satellites, which have experienced the most
truncated mass growth, the median reduction in stellar mass at z =
0 is never more than 10 per cent (red region). Furthermore, consid-
ering just those satellites that quenched after infall, the reduction is
still only 10 per cent, though it remains at that level across all stellar
mass (not shown). Thus, despite the clear importance that satellite
quenching has on instantaneous SFR, satellite-specific quenching
has minimal impact (! 10 per cent) on satellite stellar mass growth;
satellite and central galaxy stellar mass growth via star formation
is nearly identical. This behaviour arises for two reasons: satellites
evolve for considerable time (2–4 Gyr) after infall until they start to
be quenched, and galaxies in our mass range form the vast majority
of their stars at high redshift (z "0.5) when their SFRs were much
higher, so quenching at low redshift has little impact on their final
stellar mass.
As outlined in Section 4.1, in order to assign accurate initial
SFRs to satellites at their time of first infall, we estimated their
stellar mass at that time via the ansatz that they grew by the same
amount as central galaxies of the same stellar mass. This is not
obviously a good approximation, for instance, if observations had
constrained both tQ, delay and τQ, fade in Section 4.3.2 to be quite
short. However, the results of this subsection reassuringly show that
our approach is statistically self-consistent to good approximation.
Moreover, we investigated alternative scenarios in which satellites
have grown significantly less in stellar mass since infall than central
galaxies, but this generically leads to even longer quenching times,
and thus more implied stellar mass growth, so these scenarios are
not internally self-consistent. Thus, based on Fig. 11, the only self-
consistent scenario is that stellar mass growth in satellites is the same
as central galaxies to within 10 per cent (at least in the absence of
significant, systematic stellar mass-loss from tidal stripping).
Finally, the results of this section provide physical insight
and possible improvement into the implementation of the SHAM
method in assigning galaxy stellar mass to both central and satellite
subhaloes. The basic idea of SHAM is that one can assign instan-
taneous stellar mass to all subhaloes, central and satellite, based
simply on some measure of their subhalo mass (or circular veloc-
ity). Our results show that, because satellites and central galaxies
grow in stellar mass by essentially the same amount, on average,
it is justifiable to assign stellar mass to all subhaloes under a sin-
gle, simple prescription. However, our results do imply possible
tension with the way that SHAM typically is implemented, specif-
ically, through the use of the maximum/infall subhalo mass, which
does not evolve after infall for satellites. We discuss this issue in
Appendix A.
6 SU M M A RY A N D D I S C U S S I O N
6.1 Summary
Using a galaxy group/cluster catalogue from SDSS Data Release 7,
together with a cosmological N-body simulation to track satellite
orbits, we examined in detail the star formation histories of satellite
galaxies at z ≈ 0, focusing on their times since infall, quench-
ing time-scales and stellar mass growth after infall. Applying the
Figure 12. Summary diagram of satellite galaxy SFR evolution, as given
by equation (10), highlighting the ‘delayed-then-rapid’ quenching scenario.
The physical process(es) responsible for quenching star formation in a satel-
lite begins after it first falls into another host halo, regardless of the host halo
mass. However, it takes considerable time for SFR to be affected: satellite
SFR evolves after infall in the same manner as central galaxies for a delay
time tQ, delay = 2–4 Gyr (red curve), depending on stellar mass. Then, the
satellite’s star formation starts to be quenched, and SFR fades rapidly, with
an e-folding time τQ, fade = 0.2–0.8 Gyr, also depending on stellar mass.
Less massive satellites have longer tQ, delay and τQ, fade, but neither time-
scale depends on the mass of the host halo. Because of the long tQ, delay,
satellite stellar mass growth via star formation is nearly equal to that of
central galaxies. Because of hierarchical halo growth, many satellites in
massive host haloes were quenched as a satellite in a lower mass halo prior
to infall. For comparison, the blue curve shows gradual SFR fading for cen-
tral galaxies, with characteristic fading time τ cen = 2–4 Gyr from equation
(7).
same group-finding algorithm to our simulation as we used in SDSS
allows us to make robust comparisons of model results to observa-
tions. To obtain accurate initial conditions for the SFRs of satellites
at their time of first infall, we constructed an empirically based,
statistical parametrization for the evolution of central galaxy SFRs
out to z = 1; this is critical for the accuracy of our results because,
at fixed stellar mass, the quiescent fraction for central galaxies more
than doubles from z = 1 to 0. Our primary result is that, at least on
average, satellite SFR evolves via a ‘delayed-then-rapid’ quenching
scenario: satellite SFR remained unaffected for several Gyr after
first infall, after which quenching occurs rapidly, as Fig. 12 shows.
In more detail, our main results are as follows.
Infall as part of a group and ejection beyond Rvir are important
aspects of satellite evolution. Fewer than half of satellites in massive
clusters fell in directly from the field; the rest fell in as a satellite
in another host halo or experienced secondary infall after becoming
ejected. Satellites at z = 0 experienced their first infall typically at
z∼ 0.5, or∼5 Gyr ago, with a broad tail out to z ≥ 1. Less massive
satellites and those in more massive host haloes fell in earlier.
Satellite quenching is a critical process of galaxy evolution. Satel-
lite quenching always dominates the production of quiescent satel-
lites. Moreover, satellite quenching is responsible for producing
the majority of all quiescent (red-sequence) galaxies at Mstar <
1010 M⊙ by z = 0.
Satellite quenching is delayed-then-rapid. Based on observations,
we argued that the process(es) responsible for quenching satellites
begins after first infall into any other host halo. As constrained
by the satellite SSFR distribution at z = 0, satellites, at least on
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Figure 9. SSFR distribution of satellites at z = 0, in bins of stellar mass, in all host haloes with M200 m > 1012 M⊙. The solid blue curves show results from
the SDSS group catalogue while the dashed red curves show results from the simulation group catalogue using the satellite SFR evolution model of equation
(10) under the following scenarios. (a) Satellite SFR starts to be quenched immediately upon infall and fades over an e-folding time, τQ, fade. This scenario
produces no bimodality. (b) Satellite SFR remains unaffected after infall for a quenching delay time, tQ, delay, after which it quenches instantaneously. This
scenario produces a bimodality that is too strong. (c) Satellite SFR remains unaffected after infall for time tQ, delay, after which it fades over an e-folding time
τQ, fade. This ‘delayed-then-rapid’ quenching scenario produces the correct SSFR distribution. These results are insensitive to host halo mass, and varying
satellite initial quiescent fractions affects only tQ, delay (see Fig. 8).
5 IMPLICATIONS O F SATELLITE
QU E N C H I N G T I M E - S C A L E S
Using the quenching time-scales that we constrained in Sec-
tion 4.3.2, we now explore two implications for satellite evolu-
tion. First, in Section 5.1 we explore where satellites were when
they quenched, focusing on the importance of group preprocessing.
Secondly, in Section 5.2 we use our constrained model for SFR evo-
lution to examine how much satellites have grown in stellar mass
since infall.
5.1 Where were satellites when they quenched?
We have argued that the physical process(es) responsible for
quenching satellites sets in at the time of first infall, but that its
effects take considerable time to propagate before quenching starts.
We now ask: where were satellites at the moment when they started
quenching? In Section 3.1, we examined what fraction of satellites
fell in directly from the field versus as a satellite in a group. We now
extend those results, using the quenching times from Section 4.3,
to examine what fraction of currently quiescent satellites quenched
(a) prior to first infall, (b) in a different host halo prior to falling
into their current host halo or (c) in their current host halo?
For each surviving satellite in the simulation, we compute if it
was active at the time of first infall, as before. If so, we use the tQ, delay
values from Section 4.3.2 for the time at which it started to quench.
We then compute whether the satellite was in the main progenitor
of its current host halo or was in a different host halo at the time
that quenching started. Fig. 10 shows what fraction of currently
quiescent satellites quenched in the three different regimes, as a
function of current stellar mass, in bins of current host halo mass.
Fig. 10(a) shows what fraction of currently quiescent satellites
already were quenched as a central galaxy prior to first infall. As
discussed in Section 4.2, this fraction increases with stellar mass,
both because the central galaxy quiescent fraction is higher at higher
stellar mass and because higher mass satellites fell in more recently,
when central galaxies were more likely to be quiescent. Fig. 10(a)
also shows that quenching prior to first infall is more important in
lower mass host haloes, again because satellites in lower mass host
haloes fell in more recently.
Fig. 10(b) shows what fraction of currently quiescent satellites
started quenching in a different host halo prior to falling into their
current host halo, indicating complete group preprocessing. Oppo-
site to the trends for quenching prior to first infall, this fraction is
higher for lower mass satellites and higher mass host haloes, both
trends a result of the hierarchical nature of halo growth (Section 3).
In particular, half of all low-mass (Mstar < 1010 M⊙) quiescent
satellites in massive clusters (M200 m > 1014 M⊙) started quenching
as a satellite in a group.
Finally, Fig. 10(c) shows what fraction of currently quiescent
satellites quenched while in their current host halo. This mode of
quenching dominates at most masses, though the fraction is always
! 70 per cent; its importance wanes both at high stellar mass, where
quenching prior to first infall dominates, and at low stellar mass,
where the importance of group preprocessing increases. Only about
half of quiescent satellites within massive clusters (>1014 M⊙)
quenched there.
In summary, group preprocessing has a critical impact on satel-
lite star formation histories. We have argued that any time spent
as a satellite in another host halo is important as far as starting
the quenching process, but these results demonstrate the impact of
complete group preprocessing. This is particularly important for
satellites in clusters, in which 15–50 per cent of all quiescent satel-
lites started quenching as a satellite in another host halo. Given the
hierarchical nature of halo growth, group preprocessing should be
only more important for quenching satellites below our 5× 109 M⊙
stellar mass limit.
5.2 Stellar mass growth after infall
So far, we examined satellite star formation histories with a focus
on SFR evolution, but in the last subsection we examine the im-
plications for stellar mass growth. In Section 4.3, we showed that
satellites continue to form stars actively, in the same manner as
central galaxies, for 2–4 Gyr after infall, which represents as much
as half of their total star-forming lifetimes. Thus, satellites have the
 at M
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Figure 9. SSFR distribution of satellites at z = 0, in bins of stellar mas , in all host haloes with M200 m > 1012 M⊙. The solid blue curves show esults from
the SDSS group catalogue while the dashed red curves show esults from the imulation gro p catalogue using the satellite SFR volution model of equation
(10) under the following scenarios. (a) S tellite SFR starts to be quenched immediately upon infall and fades over an -f lding time, τQ, fade. This scenario
produces no bimodality. (b) S tellite SFR remains unaffected after infall for a quenching delay time, tQ, delay, after which it quenches insta taneou ly. This
scenario produces a bimodality that is too strong. (c) Satellite SFR remains unaffected after infall for time tQ, delay, after which it fades over an -f lding time
τQ, fade. This ‘delayed-then-rapi ’ quenching sc ario produces the corr ct SSFR distribution. These results are insen itive to host halo ma s, and varying
satellite initial quiescent fractions affects only tQ, delay (see Fig. 8).
5 IMPLICATIONS O F SATELLI
QU E N C H I N G T I M E - S C A L E
Using the quenc ing time-scales that we constrained in Sec-
tion 4.3.2, we now explore two implications for satellite evolu-
tion. First, i Section 5.1 we explore where satellites were when
they quenched, focusing on the importance of group prep cessing.
Secondly, in Section 5.2 we use our con trained model for SFR ev -
lution to examine how muc satellites h ve grown in stellar ma s
since infall.
5.1 Where were satellites wh n hey quenched?
We have argued that the physical rocess(es) respon ibl f r
quenching satellites ets in at the time of first infall, but that its
effects take con iderable tim to propagate before quenching starts.
We now ask: where were sat llites at the moment when they started
quenching? I Section 3.1, we examined what fraction o satellites
fell in directly from the field versus as a satellite in group. We n w
extend those results, using the quenching times from S ction 4.3,
to examine wh t fraction o curre tly q iescent sat llites quench d
(a) prior to first infall, (b) in a different host halo prior to falling
into their current host halo or (c) in their current host halo?
For each surviving satellite in the simulation, we comput if it
was active at the time of first infall, a before. If so, w use the tQ, delay
values from S ction 4.3.2 f r the time at which it started to quench.
We then compute whether the satellite w s in the mai progenitor
of its current host halo or was in a different host halo at the time
that quenc ing started. Fig. 10 shows what fraction of currently
quiescent sat llites qu nched in the three different regim s, as a
function of curre t stella ma s, in bins of current host halo mass.
Fig. 10(a) shows what fraction o currently q iescent sat llites
already were quenched as a centr l galaxy prior to first infall. As
discussed in Section 4.2, this fraction increases with st llar ma s,
both because the entral galaxy quiescent fraction is higher at higher
stellar ma s and because higher mass satellites fell in mor recently,
when central galaxies were more likely to be quiescent. Fig. 10(a)
also shows that quenc ing prior to first infall is more important in
lower mass host h loes, again bec use satellites in lower mass host
haloes fell in mor recently.
Fig. 10(b) shows what fraction o currently q iescent sat llites
started quenching in a different host halo prior to falling into their
current host halo, indic ting complete group prep cessing. Oppo-
site to the tr nds for quenching prior to first infall, this fr ction is
higher for low r mass satellite and higher mass ost h loes, both
trends a result of th hierarc ical n ture of h lo gr wth (Section 3).
In particular, half of all low-mass (Mstar < 1010 M⊙) quiescent
satellites in massive clusters (M200 m > 1014 M⊙) started quenching
as a satellite in group.
Finally, Fig. 10(c) shows what fraction of currently quiescent
satellites quenched while in their current host halo. This m de of
quenching dominates at most m sses, though the fraction is always
! 70 per cent; its importance wanes both t high stellar ma s, where
quenching prior to first infall domin tes, and t low stellar mass,
where the importance of group prep cessing in reases. Only about
half of quiescent satellites within massive clusters (>1014 M⊙)
quenched th re.
In summary, group prep cessing has a critic l impact on satel-
lite star formation histories. We have argued th t any time spent
as a satellite in another host alo is important as far as starting
the quenching pro ess, but these results demonstrat the impact of
complete group prepr cessing. This is particularly important for
satellites in clust rs, in which 15–50 per cent of all quiescent sat l-
lites started quenching as a satellite in noth r host halo. Given the
hierarchical n ture of h lo gr wth, group prep cessing should be
only more important for que ching satellites below our 5× 109 M⊙
stellar ma s limit.
5.2 Stellar mass growth after infall
So far, we examined satellit star formation histories with a focus
on SFR evolution, but in the last subsection we examin the im-
plications for stellar ma s growth. In Section 4.3, we showed that
satellites continue to form stars actively, in th same manner as
central galaxies, for 2–4 Gyr after infall, which represents as much
as half of their total star-f rming lifetimes. Thus, satellite h ve th
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Figure 9. SSFR distribution of satellites at z = 0, in bins of stellar mass, in all host haloes with M200 m > 1012 M⊙. The solid blue curves how result from
the SDSS group catalogue while the dashed red curves show results from the simulation gro p cata ogu using th satellite SFR evol tion model of equ i
(10) under the following scenarios. (a) Satellite SFR starts to be quenched immediate y upon infall and fades over n e-fo ding time, τQ, fade. This s enario
produces no bimodality. (b) Satellite SFR remains unaffected after infall for a quenching delay tim , tQ, delay, after which it qu nches inst nt n ously. T s
scenario produces a bimodality that is too strong. (c) Satellite SFR remains unaffected fter infall for time tQ, delay, after which it fades over n e-folding time
τQ, fade. This ‘delayed-then-rapid’ quenching scenario produces the correct SSFR distribution. Th se results are insensitive to host hal mas , and va ying
satellite initial quiescent fractions affects only tQ, delay (see Fig. 8).
5 IMPLICATIONS O F SATELLITE
QU E N C H I N G T I M E - S C A L E S
Using the quenching time-scales that we constrained in Sec-
tion 4.3.2, we now explore two implications for satellite ev lu-
tion. First, in Section 5.1 we explore where satellites were when
they quenched, focusing on the importance of group preprocessing.
Secondly, in Section 5.2 we use our constrained model for SFR v -
lution to examine how much satellites have grown in stellar mass
since infall.
5.1 Where were satellites when they quenched?
We have argued that the physical process(es) responsible for
quenching satellites sets in at the time of first infall, but that its
effects take considerable time to propagate before quenching starts.
We now ask: where were satellites at the moment when they started
quenching? In Section 3.1, we examined what fraction of satellites
fell in directly from the field versus as a satellite in a group. We now
extend those results, using the quenching times from Section 4.3,
to examine what fraction of currently quiescent satellites quenched
(a) prior to first infall, (b) in a different host halo prior to falling
into their current host halo or (c) in their current host halo?
For each surviving satellite in the simulation, we compute if it
was active at the time of first infall, as before. If so, we use the tQ, delay
values from Section 4.3.2 for the time at which it started to quench.
We then compute whether the satellite was in the main progenitor
of its current host halo or was in a different host halo at the time
that quenching started. Fig. 10 shows what fraction of curren ly
quiescent satellites quenched in the three different regimes, as a
function of current stellar mass, in bins of current host halo mass.
Fig. 10(a) shows what fraction of currently quiescent satellites
already were quenched as a central galaxy prior to first infall. As
discussed in Section 4.2, this fraction increases with stellar mass,
both because the central galaxy quiescent fraction is higher at higher
stellar mass and because higher mass satellites fell in more recently,
when central galaxies were more likely to be quiescent. Fig. 10(a)
also shows that quenching prior to first infall is more import nt in
lower mass host haloes, again because satellites in lower mass host
haloes fell in more recently.
Fig. 10(b) shows what fraction of currently quiescent satellites
started quenching in a different host halo prior to falling into heir
current host halo, indicating complete group preprocessing. Oppo-
site to the trends for quenching prior to first infall, this fraction is
higher for lower mass satellites and higher mass host haloes, both
trends a result of the hierarchical nature of halo growth (Section 3).
In particular, half of all low-mass (Mstar < 1010 M⊙) quiescent
satellites in massive clusters (M200 m > 1014 M⊙) started quenching
as a satellite in a group.
Finally, Fig. 10(c) shows what fraction of currently quiescent
satellites quenched while in their current host halo. This mode of
q enching dominate at most ma s , though the fraction is always
! 70 per cent; its importance wanes both at high ste lar mass, where
quenching prior to first inf ll d min s, and at low stellar mass,
where the importance of group preprocessing increas s. Only about
half of quiescent satellites ithin massive clusters (>1014 M⊙)
quenched th re.
In summary, gro p preprocessing has a critical impact on satel-
lite star formation hist ries. W have argued that any time spen
as a satellite i nother host halo is imp t nt as far as st rting
the quenc ing p o ess, but these result dem nstrate the impact of
c mplete group preproce sing. This is particularly i portant for
sat llit s in clusters, in which 15–50 per cent of all quiescent -
lites started que c ing as satellite in not er hos hal . Given the
hierarchical nature of halo growth, group preprocessing should be
only more important f quenching sat llites below our 5× 109 M⊙
stellar mass limit.
5.2 Stellar mass growth after infall
So far, w examin satellite st r formation historie with a f cus
on SFR evolu , bu i the last ubsection e examine the im-
plications for stellar mass growth. I Section 4.3, w showed th
satellite continue to form star actively, in the sam manner as
central g axies, f 2–4 G r aft r infall, which represents as much
as half of their total star-forming l fe imes. Thus, sa ellites have the
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Figure 9. SSFR dis ribution of satellites at z = 0, in bins f stel r ma s, in all host haloes with M200 m > 1012 M⊙. The solid blue curves how results from
the SDSS roup catalogue w ile t e dash d red curves how results from the simulation group catalogue using the satellite SFR evolution model of equation
(10) u der the following scenarios. (a) Satellite SFR starts to be q enched immedi tely upon infall and fades over an e-folding time, τQ, fade. This scenario
produces no bimodality. (b) Sat llite SFR remains u affect d after infall for a quenching delay time, tQ, delay, after which it que c s instantaneously. This
scen r o produces a bimodality that is too trong. (c) Sat llite SFR remains unaffected after infall for time tQ, delay, after which it fades over an e-folding time
τQ, fade. This ‘del yed-then-rapid’ quenching scenario produces the c rrect SSFR distribution. Thes result ar insen itive to ho t halo mass, and varying
s tellit i itial quiescent fracti affects only tQ, delay (see Fig. 8).
5 IMPLICATIONS O F SATELLITE
QU E N C H I N G T I M E - C A L E S
Using the quenching time-scal s that w constrained in Sec-
tion 4.3.2, we now explore two implicati ns for satellite evolu-
tion First, in Section 5.1 w explore wh re sat llites were when
t y quenched, focusing n the impo tance of group preprocessing.
Secondly, in Se tion 5.2 we u e our constrained mod l for SFR evo-
lution to exa in how much sat lli s have grown in stellar mass
since infall.
5.1 Wher wer satellites when t ey quenched?
We ave rgued t at the physical process(es) responsible for
qu ching satellites sets in at the time of fi st inf ll, but that its
ffec s take consid rable tim to propag te befor quenching starts.
We now ask: where w re satellite at the moment when they started
quenchi g? In Section 3.1, we examined what fr ction o satellit
fell in irectly from the field versus as a satellite in a gr p. W now
exte d t ose r sults, us ng the quench ng times fr m S ction 4.3,
to examine what fraction of currently quiesc t satellites quenched
(a) prior to first i f ll, (b) i a differe t host halo prior to falling
into thei current host halo or ( ) in their current host hal ?
For each urviving s llite in the simulation, we ute if it
was activ t the time of first infall, as be ore. If so, we use the tQ, delay
values from Section 4.3.2 for the tim at which it started to quench.
We th n compute whether t e satellite was in the main progenitor
of its current host halo or was i a different host hal at the time
at quenching started. Fig. 10 shows wha fractio of currently
i s ent satellit s quench d in the three different regimes, as a
unction of curre t stella mass, in bi s of current ho t halo mass.
Fig. 10(a) shows what fractio of c rren ly quiesc nt satellites
already w re qu n hed as a cen ral gal xy prior to first infall. As
discussed in Sectio 4.2, this fraction increa es wi stellar mass,
bot because the tral galaxy quiescent fraction is higher at highe
stellar mass and because higher ma s sat llites fell in more recently,
when central galaxies w mor likely to b quiescent. Fig. 10(a)
also shows th t quenching pr r to first infall is more importan in
lower mass host halo s, again b cau e satellites in lower mass host
haloes fell in more recently.
Fig. 10(b) shows what fractio of c rrently quiesc nt satellites
started quenching i a d fferent host hal prio to falling into their
current host halo, indicating com let grou preprocessing. Oppo-
site to t e trends f r quenching prior to first infall, this fraction is
high r for lower ma s satellites and higher m ss host haloes, both
trends a result of the hierarchical nature of alo growth (Section 3).
In particular, half of ll low-mass (Mstar < 1010 M⊙) quiescent
satellites in massive clusters (M200 m > 1014 M⊙) started quenching
as a s tellite in a group.
Finally, Fig. 10(c) sh ws wha ract o of c rrently quiescent
sate lit s quen hed while in their current host halo. This mode of
quenching do inates at most masses, though the fraction is always
! 70 per cent; its importance wanes both at high tellar mass, where
quenching prior to first i fall dominates, and at low tellar mass,
where the impo tance of group preproc ssing increases. Only about
half of qui scent satellites within massive clusters (>1014 M⊙)
quenched there.
In summary, group preprocessing has a critical impact on satel-
l te star formation histories. We have argu d that any time spent
as a satellit in anothe host halo is impo tant as far as starting
the q enching proc s, but thes results dem nstrate the impact of
com lete gr up preproce sing. This is particularly important for
satellit s in clusters, in which 15–50 per cent of all quiescent satel-
lites started qu nchi g as a s tellite in another host halo. Given the
hierarchical natu e f halo growth, group preprocessing should be
only more important for quenching satellites below our 5× 109 M⊙
stellar mass limit.
5.2 Stella mass growth after infall
So far, we examined satellite star form ti n histories with a focus
on SFR volution, but i the last subsection we exa ine the im-
plications for stellar mass growth. In S ction 4.3, we showed that
satellit s continue to form stars actively, in the same manner as
central galaxies, for 2–4 Gy aft r i fall, whi represents as much
as half of their total star-for ing ifetimes. T us, sat llites have the
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1.On infall, satellite galaxies lose their connection to the cosmic web, but retain 
significant gas reservoirs (both atomic and molecular)
2. DELAY PHASE Over time, star 
formation slowly eats through the 
available molecular gas, which is 
replenished by cooling from the larger 
gas reservoir, depleting the overall gas 
supply but maintaining relatively 
“normal” star formation.  
3. FADING PHASE Once only molecular 
gas remains, the star-formation rate 
starts to decline as molecular gas is 
used up, resulting in a fading of star 
formation on relatively short 
timescales
“overconsumption” model (McGee et al. 2014)
Conclusions and Reconciling to cluster observations
- Our data supports a scenario where satellite quenching is driven by exhaustion of a 
multiphase gas reservoir over a long quenching time. This holds up to z=1.5, above 
this redshift the quenching time is too long to produce a significant population of 
quenched satellites (not a decline of the quenching efficiency but a timescale 
issue).
- How to reconcile with spectacular observations of rapid gas stripping in local clusters  
or statistical studies in high-z clusters? Despite being the most conspicuous 
environments, galaxy clusters are relatively rare, and probably not the dominant 
environment for most galaxies over their lifetimes
Fumagalli, MF et al. 2014
